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酶催化过程的全程模拟
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Abstract: Enzymatic catalytic processes generally involve substrate delivery, selective catalytic reaction, and
product release. Owing to the complex protein environment effect, any nonchemical or chemical step may
determine the enzyme activity. Herein, to comprehensively understand enzymatic activity, extensive combined
quantum mechanics/molecular mechanics (QM/MM) and molecular mechanics (MM) molecular dynamics (MD)
simulations were carried out on several kinds of enzymes. Possible reaction mechanisms, roles of the conserved
residues, and effects of the protein environment on the whole enzymatic process are discussed in detail, which
will enrich the knowledge of reactivity in proteins. With the improvement and development of multiscale models
and computational methods, it is expected that global simulations of extremely large and complicated enzymes
will enable and lend support to enzyme engineering.
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Fig.1 Enzymatic process (substrate binding, chemical reaction, and product release)
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势 (effective group potentials)76,86 － 88、量子覆盖势
图2 QM/MM系统





























































常采用molecular mechanics generalized born surface/



















Fig.3 (a) Link-atom scheme; (b) boundary-atom scheme;
(c) localized-orbital scheme
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质心，采用 20.9、 18.8、 16.7、 14.65、 12.56、























































断裂和 HCN的生成，自由能跨度约为 71.6 kJ∙
mol－1，决定了整个酶催化的进程；产物释放二维
自由能图(见图 4(c))揭示，HCN的释放先于丙酮，











图4 (a)催化过程自由能变化全景图 17；(b)底物输运过程中具有代表性态的关键残基及构象变化 17；
(c)产物释放自由能变化图 17；(d)酶催化中的化学反应过程 17
Fig.4 (a) Free energy profile of the whole enzymatic catalysis17; (b) key residues and their conformational changes at
the representative states in the main channel17; (c) free energy profile of product release17;
(d) chemical reaction steps involved in enzymatic process17
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图5 (a)催化过程自由能变化全景图 11,15,159；(b) IAG-NH催化肌苷水解机制 11；
(c)产物传递过程具有代表性态的关键残基及构象变化 15
Fig.5 (a) Free energy profile of the whole enzymatic catalysis11,15,159; (b) hydrolytic mechanism of inosine catalyzed by








详细研究 15，动力学模拟采用了 20.9、12.6和 8.4
kJ∙nm－ 1∙g－ 1的加速度及 0.0002和 0.0004 nm的阈
值，获得 18条轨迹。计算发现两条通道 (见图


























化活性与 pH值密切相关，在 pH = 7.5－9.5时，酶






Fig.6 Relative free energy profiles of the ring-opening reaction along the reaction coordinate for SmuNagB
color online
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合至活性位点时，lid motif经历了从 open到 close
的动态变化(图 7)。但是，Liu研究组 162获得的酶-

































Fig.7 Overlap for the apo state (blue) and the enzyme-substrate complex (red) in acidic (a) and
basic solutions (b) along with RMSF values of the backbone and surface of the active site pocket18
RMSF: root mean square fluctuation. color online
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图8 Model B (a)，Model A (b)和Model D (c)的活性位点及 lid motif区氢键网络详情 18
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